I. INTRODUCTION
Soft x-ray microscopy provides a unique tool to study a wide range of samples with high resolution and contrast under relatively unperturbed conditions. The absorption and scattering properties of x rays enable nanometer-scale resolution, even in thick objects (>1 μm), making them a suitable choice for tomographic (3D) imaging. 1 Biological samples such as whole cells are especially suited for x-ray microscopy in the water-window (λ ≈ 2.3-4.4 nm and E = 284-540 eV) due to the natural high contrast between carbon-rich and oxygen-rich materials. These samples are preferably kept in their native hydrated state and cryofixed prior to imaging. As a comparison, electron microscopy (EM) can provide higher resolution but lack the sufficient penetration capabilities. Furthermore, this technique requires extensive sample preparation that often entails physical and chemical alterations to the sample and its environment. Super-resolution optical methods such as STED and PALM 2 have emerged as candidates for tomographic imaging of thick objects with high resolution. However, the contrast relies completely on fluorescent dyes, attaching to certain objects in the sample, thus requiring prior knowledge about the features one would like to see.
Modern soft x-ray microscopes typically rely on the high spectral brightness produced at synchrotrons. These microscopes have proven highly useful for a range of different imaging applications. 1, [3] [4] [5] However, the large footprint and corresponding cost of such facilities have a negative impact on the accessibility to the broader science community. Laboratory-source based microscopes are being developed as a complement to the synchrotron-based instruments with comparable, although typically less versatile, capabilities. 6, 7 Common for all instruments is that they rely on high stability between sample and imaging components in order to achieve nanometer-scale resolution. 8 This includes resistance to ambient noise, vibrations, and drift that most often exist in the lab environment. Instruments that keep the sample or other sensitive components at cryogenic temperatures are especially at risk of being affected by thermal drift or vibrations from liquid nitrogen or other cryogens.
Here, we present stability measurements on the Stockholm laboratory x-ray microscope, which is based on a compact liquidnitrogen-jet laser-plasma source and operates in the water window at λ = 2.48 nm. This microscope has previously not been able to achieve diffraction-limited resolution, set by the zone plate (ZP)
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scitation.org/journal/rsi objective. Chromatic aberrations, astigmatic zone plates, and photon noise due to limited source brightness have been discussed as possible reasons. However, we show here that the main limiting factor has been high frequency vibrations in optics and sample holders. Detailed displacement measurements were performed using a vacuum compatible interferometric displacement sensor, and real-time frequency analysis was used to identify sources of vibrations. Furthermore, effects of liquid nitrogen in the microscope setup were measured and shown to have a negative impact on the imaging resolution, if not properly handled. These results are of general interest for any position-sensitive setups at the nanometer level and especially any setups containing cryogenic liquids.
II. EXPERIMENTAL ARRANGEMENT
A. Laboratory cryo soft x-ray microscopy
The Stockholm Laboratory x-ray microscope, 9 shown in Fig. 1 , utilizes the λ = 2.48 nm line emission from a nitrogen plasma, generated by focusing a beam of λ = 1064 nm, 600 ps Nd:YAG slab laser (Fraunhofer ILT, Aachen) 10 onto a liquid nitrogen jet at average powers up to ∼100 W. The jet is created by letting high purity gaseous nitrogen pass through a liquid-nitrogen cooled cryostat, which is mounted on top of the microscope setup. The gas pressure drives the liquefied nitrogen through a 30 μm diameter glass capillary into the vacuum chamber where it meets the laser focus.
The λ = 2.48 nm line emission from the plasma is collected and imaged onto the sample plane by using a normal-incidence multilayer condenser mirror (MLM), which thereby works as a monochromator. A 30 nm outer zone width Ni zone plate (ZP), placed on a small aluminum cone, is used to image the sample onto a CCD detector with 2048 × 2048 13.5 μm pixels. In order to prevent the non-diffracted light from the zone plate from reaching the detector, a central stop (CS) blocks parts of the x-ray beam to create a hollow-cone illumination.
Due to the absorption properties of the soft x rays in air, all of this takes place in vacuum of about 10 −3 -10 −6 mbar. Pumping is done from two sides of the microscope using a rough pump and a turbo pump at either side. The rough pumps can be placed several meters away to avoid vibrations, but the turbo pumps have to be placed in close connection with the microscope and are mounted on the same optical table. Models using magnetic bearing systems (TMH 1000 MC and TMH 071 P, Pfeiffer) were specifically selected for low-noise and low-vibration operation.
The sample stage used in the microscope is a modified TEM goniometer stage (FEI), which allows movement in all directions including rotation for tomography. The sample itself is mounted on a specialized sample holder with a 23 cm long stick, which can be inserted in the microscope during operation through a vacuum sluice. Cryofixed samples require a temperature regulated cryo sample holder (Gatan), filled from the outside with liquid nitrogen. This is the sample holder shown in Fig. 1 . However, for wet and dry samples at room temperature, a sample stick of more simple design is used.
A theoretical limit for the attainable resolution of zone plate based full-field microscopes is set by the outer zone width, Δr, and the Rayleigh resolution criterion, 11
For a zone plate with 30 nm outermost zone with, this means an attainable resolution of 37 nm full period or 18 nm half period. Before the stability investigation, presented here, a maximum halfperiod resolution of about 35 nm could be achieved.
B. Interferometric displacement measurements
Fiber-optic based interferometry is a technique widely utilized in industry and research due to its nanometer to picometer accuracy. 12 In the present paper, we used a fiber-optic based displacement measuring interferometer (IDS3010, Attocube) to analyze the stability of the Stockholm laboratory cryo x-ray microscope over a wide range of time scales. An overview of the experimental arrangement ( Fig. 1) shows the fiber-coupled sensor head mounted inside the vacuum of the microscope, about 10 cm away from the target. This device employs the Fabry-Perot Interferometer (FPI) operating principle, where a reference beam is created by a reflection at the FIG. 1. Stability measurement setup in the Stockholm laboratory x-ray cryo microscope. The interferometric sensor head, used for the displacement measurements, was mounted inside the vacuum of the microscope, directly above the sample (shown here) or the zone plate cone. Two turbo pumps can be seen directly connected to the vacuum chamber.
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scitation.org/journal/rsi uncoated end of the fiber. The transmitted light travels to the target and reflects back into the sensor head, where it superimposes with the reference. 12 The IDS3010 comes with various sensor heads that can be chosen based on the experimental setup. The M12/F40 sensor head was used due to its compact physical dimensions and wide of range working distances on high reflective targets (20-1100 mm), which suited the limited space in the microscope's vacuum chamber. This sensor head was mounted onto a mirror holder (MK05, Thorlabs), which was clamped tightly to the microscope chamber by CF-flanges. The mirror holder setup was shown to provide robust and accurate alignment, needed to get a high and constant reflected signal from the targets.
In the investigation of fast vibrations, the sample holder and the zone plate cone were used as targets. They were suspected to transmit vibrations induced by adjacent instruments or the noisy laboratory environment and thereby affect the attainable resolution. We note that the source and condenser optic can only influence the illumination distribution in the images, but not the image position. The detector, on the other hand, could in theory affect the resolution but is considerably less sensitive to vibrations due to the high magnification used (M ≈ 1000).
A gold coated standard silicon nitride (Si 3 N 4 ) membrane window (Silson) was mounted on the sample holder and used as a target for the λ = 1520 nm laser from the interferometer. Thereby, the vibration measurements on the sample holder were done with conditions identical to actual microscope operation. Measurements on the zone plate cone were more challenging because the cone shape made the optical alignment very difficult. Instead, a new zone plate cone was made with the same material and dimensions, but with a polished flat surface facing the sensor head. This target was assumed to have similar vibration properties, especially since all parts up to the zone plate cone, including base plates and a linear motor, remained unchanged.
Displacement measurements involving liquid nitrogen in the cryo sample holder and the cryostat were done on both short and long time scales. Fast vibrations were suspected to be induced by movements, such as bubbling, in the cryogenic liquid, while slow drifts typically arise as the temperature changes. For this reason, the cryo sample holder is temperature controlled and kept at a fixed temperature between −165 ○ C and −170 ○ C during imaging. However, the actual effects of the temperature control have previously not been measured.
All displacement data acquisition was done using a commercially supplied software (WAVE, Attocube). This software also provides real-time fast Fourier transform (FFT) of the displacement data for easy vibration spectrum analysis. Prior to data acquisition, an alignment interface is used to optimize the reflection from the target and thus the contrast of the measured interference. A contrast of >500‰ is recommended for accurate measurements. The alignment was done by first adjusting the sensor head in its mirror holder setup. In the next step, the vacuum chamber was closed and pumped. The final alignment for measurements on the sample holders was done using the degrees of freedom provided by the sample stage, which includes fine movements in all directions and rotation steps of down to 0.01 ○ around one axis. The measurement on the modified zone plate cone did not require additional alignment after pumping the vacuum chamber.
III. RESULTS AND DISCUSSION
A. Fast vibration analysis
The results of displacement measurements on the dry sample holder and the zone plate cone are shown in Figs. 2 and 3, respectively. The measurements on both targets are performed within 10 s to imitate a typical imaging exposure time. As a merit value for the vibration amplitude in the time domain, we use two standard deviations (2σ) from the mean displacement. This value is estimated to be comparable to the vibration limited (half-period) resolution, and furthermore, it corresponds well to the perceived width of the plots. Fig. 2(b) ]. Due to the significant difference, the main turbo pump was readily recognized as a key source of vibrations, even though low-vibration operation is stated in the technical specifications. This conclusion was further established by considering the corresponding vibration frequency spectra. A strong peak at 660 Hz, exactly matching the rotation frequency of the turbo pump, is presented in Fig. 2(e) , as well as side peaks at 330 Hz and 1320 Hz, corresponding to half and double the rotation frequency. All these peaks completely disappear in Fig. 2(f) , where the pump has been turned off.
The vibrations could be somewhat reduced by modifications to the sample stage chamber, making the construction more rigid. However, with the main turbo pump directly connected to the main chamber, the high-frequency (>100 Hz) vibrations could not be removed. At this point, removing the source of the vibrations became necessary. This could be done by inserting a vibration dampening bellow (Pfeiffer) between the main turbo pump and the vacuum chamber, and mounting the turbo pump on a separate table, thus effectively decoupling it from the microscope.
Displacement measurements on the dry sample holder were repeated after implementing the modifications to the setup, and the results are shown in Figs. 2(c) and 2(d). The amplitude of the vibrations was at this point <6 nm, both with the turbo pump turned on [ Fig. 2(c) ] and off [ Fig. 2(d) ]. The corresponding vibration frequency spectra, shown in Figs. 2(g) and 2(h), confirm that the 660 Hz frequency, and the side peaks at 330 Hz and 1320 Hz were completely removed. Some small peaks at low frequencies (<200 Hz) in all FFT plots [Figs. 2(e)-2(h)] indicate that additional sources contribute to the vibrations of the sample holder. Further measurement showed that these additional sources include ambient sound, a 20-Hz repetition rate laser, and flow of cooling water to various components in the setup. However, the amplitude of these vibrations is well within the acceptable range considering the diffraction limit of about 18 nm half-period [Eq. (1)]. Therefore, these results are not further discussed here.
In parallel with the displacement measurements on the dry sample holder, we performed the same measurements on the zone plate cone. The results are shown in Fig. 3 . The amplitude of the vibrations before implementing the modifications to the setup was 15 nm with the turbo pump turned on [ Fig. 3(a) ] and 3 nm with the turbo pump turned off [ Fig. 3(b) ]. We note that these values are lower than for the dry sample holder, but likely big enough to affect the imaging resolution. After decoupling the main turbo pump, vibration amplitude was about 3 nm with the pump turned on [ Fig. 3(c) ] as well as off [ Fig. 3(d) ].
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The corresponding vibration frequency spectra [Figs. 3(e)-3(h)] show two distinct differences from the measurements on the dry sample holder. In Fig. 3(e) , we can only distinguish the 660 Hz peak, but no side peaks. Furthermore, we see no low-frequency peaks with the pump turned off or after decoupling it from the main chamber [Figs. 3(f)-3(h)]. Both differences are probably due to a more rigid setup holding the zone plate and due to the fact that the zone plate cone has no direct contact with the outside and its ambient sounds.
B. Total relative vibrations of imaging components
A control experiment was designed to make sure that displacement of the sensor head did not contribute significantly to the measurement results. Here, a thick aluminum plate was used as a target and mounted tightly to the main chamber wall, directly below the sensor head (cf. Fig. 1 ). Under these conditions, the measured displacement was due to the movement of the sensor head relative to the chamber. With the main turbo pump still rigidly connected to the microscope, the measured vibration amplitude was 5 nm. This is significantly less than 30 nm and 15 nm for the sample holder [ Fig. 2(a) ] and zone plate cone [ Fig. 3(a) ], respectively. This result could also be used to estimate the total relative vibrations between the sample and the zone plate objective. Assuming that all displacements are normally distributed, the total relative displacement of two independent components will also be normally distributed. Furthermore, the standard deviation squared will be equal to the sum of the individual standard deviations squared. Using this method, the sensor head vibrations were subtracted from the measurements on the sample holder and zone plate. After that, the vibration amplitudes of the sample holder and the zone plate were added, giving their total relative vibrations. The result before the modifications to the microscope setup was 30 nm, which is clearly in the same order of magnitude as the achievable resolution. After the vibration damping modifications, the total relative vibration amplitude was only 5 nm.
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C. Effects of liquid nitrogen
Liquid nitrogen is commonly used in x-ray microscopy and cryo EM to keep the sample under cryogenic conditions during imaging. As described in Sec. II A, the Stockholm laboratory x-ray microscope uses a temperature controlled cryo sample holder (Gatan), which is cooled by filling it with liquid nitrogen. The sample holder has to be refilled a few times during each imaging experiment, which lasts about 2 h. Furthermore, liquid nitrogen is used to cool the cryostat, which in turn delivers the liquid nitrogen jet for the laser-plasma x-ray source.
Experience shows that any liquids close to sensitive components risk inducing vibrations. Furthermore, any changes in temperature might induce drifts. Therefore, both short-term and
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scitation.org/journal/rsi long-term displacement measurements, performed under actual cryo-imaging conditions, are necessary for a full assessment of the stability of the microscope. All displacement measurements under cryo conditions were performed after putting in the vibration dampening bellow between the main turbo pump and the microscope chamber. Figure 4 summarizes the effects of liquid nitrogen in the microscope on a short time scale of 10 s. As a reference, a displacement measurement on the cryo sample holder at room temperature is given in Fig. 4(a) . The vibration amplitude under this case was about 2 nm, which is similar to the vibrations of the dry sample holder [cf. Fig. 2(b) ]. The corresponding measurement, after cooling the sample holder and keeping it at −168 ○ C, is shown in Fig. 4(b) . The amplitude of the vibrations clearly increased in this case, but stayed at acceptable 4 nm.
After refilling the cryo sample holder with liquid nitrogen, bubbling occurs, which was expected to have a strong impact on the stability of the sample. The effects within 10 s are shown in Fig. 4(c) . Periodic bursts of a few Hz are clearly seen in the displayed data, giving an average vibration amplitude of 12 nm and peaks of about 30 nm. Similar effects were seen when filling the cryostat with liquid nitrogen [ Fig. 4(d) ]. Periodic bursts were attributed to bubbles forming in the not yet thermally stabilized cryostat. This created vibration pulses traveling through the setup to the sample holder, giving displacement peaks of >30 nm. The results presented in Figs. 4(c) and 4(d) indicate that thermal stabilization needs to be achieved before acquiring any high-resolution images. To further understand this, long term displacement measurements were performed on the cryo sample holder over several minutes. Figure 5(a) shows the displacement data from the cryo sample holder at a constant temperature, a few moments after refilling the liquid nitrogen. The measurement is presented during 240 s. The large vibrations (up to 50 nm) last up for about 3 min, before decreasing and eventually stabilizing at the acceptable levels discussed above [ Fig. 4(b) ]. Based on this result, we conclude that high-resolution image acquisitions can be started about 5 min after refilling the cryo sample holder with liquid nitrogen. This result will be of interest to any high-resolution cryo-imaging system, using a similar sample setup, and with exposure times in the order of seconds or more.
Similarly to the thermal stabilization of the cryo sample holder, the bubbling in the cryostat stops about 15 min after filling up the liquid nitrogen. Since the temperature stabilization of the cryostat is, in any case, necessary to start the jet for the x-ray source, there is no need to take this into further account.
Finally, we present a result showing the importance of keeping a constant temperature in the cryo sample holder. Figure 5 
D. Resolution evaluation
Concluding evidence that the improved stability had the desired effect on the resolution of the laboratory x-ray microscope was obtained by analyzing images of a gold Siemens star test target. In Fig. 6 , we show three images of the same Siemens star, with a center line width of 30-35 nm, under three different conditions. Profile plots at two positions close to the center of the Siemens star provide a quantitative comparison of the attained resolution. Figure 6 (a) was acquired before the stability investigation. We see that the center spokes appear smeared and cannot be completely resolved. Furthermore, we see that the resolution is worse in the horizontal direction, which can be due to the vibrations of the sample holder in the vertical direction. We note that vibration of the sample along the axis of the sample stick (cf. Fig. 1 ) is unlikely and that horizontal vibrations (along the optical axis) would have a very little effect on the image. We estimate the resolution in this image to be 35-40 nm half period. Figure 6 (b) was acquired after the stability investigation and consequently after decoupling the main turbo pump from the microscope chamber. As expected, the reduced vibrations have a positive effect on the achieved resolution. Here, the center spokes are clearly resolved all the way to the center with appreciable improvements to the contrast. In Figs. 6(a) and 6(b), the Siemens star was mounted on the dry sample holder.
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To evaluate the short-term and long-term stability under cryogenic conditions, the Siemens star was mounted on the cryo sample stick, which was then cooled by liquid nitrogen and kept at −168 ○ C during imaging. We emphasize that these conditions were identical to those used in imaging of cryofixed cell samples (except that the Siemens star was not submerged in liquid). The result is shown in Fig. 6(c) . Once again, we see that the spokes are clearly resolved all the way to the center with a contrast equal to that in Fig. 6(b) . From this result, we can conclude two things. First of all, the short-term effects of nitrogen bubbles in the cryo sample holder are negligible, as long as one waits a few minutes after refilling the liquid nitrogen [cf. 
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IV. CONCLUSIONS
A detailed stability investigation is important for any highresolution imaging system. The results of this study have shown that fiber-optic based interferometry is an efficient tool for such a task, with the ability to measure displacements with nanometer accuracy in a vacuum environment. Furthermore, real-time FFT vibration analysis was shown to facilitate the identification of vibration sources.
Measurements on the Stockholm laboratory cryo soft x-ray microscope successfully identified and quantified residual vibrations in the setup. Fast vibrations with a main frequency of 660 Hz and an amplitude of 30 nm were shown to be caused by the main turbo pump, connected to the microscope vacuum chamber. A vibration dampening bellow was used to reduce the transmission of high frequency vibrations from the turbo pump to sensitive imaging components, thus limiting its relative vibrations to approximately 5 nm.
Displacement measurements on the cryo sample holder showed that the presence of liquid nitrogen can have a significant effect on the stability of the microscope. Low-frequency bursts, due to evaporation in the sample holder and the cryostat, were measured during thermal stabilization. Furthermore, small changes in the temperature of the cryo sample holder were shown to induce severe drifts. Based on these results, we were able to define experimental procedures to avoid undesirable effects of liquid nitrogen on the microscope performance.
Finally, we conclude that the reduced vibrations and controlled temperature stabilization improved the resolution of the laboratory cryo soft x-ray microscope. Close-to diffraction-limited resolution was achieved when imaging a gold Siemens star at room temperature as well as under cryo conditions. We believe that the methods presented here can be applied to a wide range of instruments with stability requirements at the nanometer level.
